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I. INTRODUCTION
Self-assembled tubular aggregates of -conjugated molecules [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] have recently attracted attention because of their structural similarities to photosynthetic antenna systems ͑chlorosomes͒ of green bacteria, 19 as well as their unique linear and nonlinear optical properties, 2,10 effective excitation energy transport, 5, 12 and photoconductivity. 7, 11 Their potential applications for artificial light-harvesting, optoelectronics, and energy transport make them attractive from the practical perspective. They are also interesting from a fundamental point of view, as systems to study the nature and dynamics of excited states in molecular assemblies of reduced dimensionality, as well as models for understanding the photophysics of natural light-harvesting complexes. A better insight into how the structure of the aggregate, the properties of the molecular building blocks, and the intermolecular interactions influence the photophysics and energy transport phenomena in such systems will guide the way for fine-tuning those materials for specific applications.
Among the tubular aggregates, those formed as a result of self-assembly of porphyrin derivatives, such as tetra͑4-sulfonatophenyl͒porphyrin ͑TPPS 4 ͒, take a prominent place because of their high stability and the reproducibility of their structural and optical properties. TPPS 4 dye forms aggregates in highly acidic water solutions. In neutral and basic solutions TPPS 4 has four negatively charged sulfonate groups ͑Fig. 1͒ and the electrostatic repulsion prevents aggregation. Upon increasing the acidity two protons are bound to the inner pyrrole nitrogen atoms forming the porphyrin diacid. The presence of these two protons induces a strong, saddle-type distortion of the porphyrin ring, as confirmed by DFT calculations 20 and crystallographic data for salts of similar porphyrins. 21, 22 Further increase of pH results in two additional protons being bound to two of the sulfonate groups, forming a zwitterionic species ͑Fig. 1͒ that selfassemble into tubular aggregates, stabilized by Coulomb and − interactions. The aggregation is accompanied by a considerable change in optical spectra. 18 The monomer absorption spectrum ͑Fig. 2͒ exhibits two bands-the B band at 2.86 eV ͑434 nm͒ originates from a pair of degenerate electronic transitions B x and B y ; similarly, the Q band absorption around 1.92 eV ͑645 nm͒ is due to another pair of ͑almost͒ degenerate transitions Q x and Q y ͑Ref. 20͒ ͑x and y denote the perpendicular orientations of the electronic transition dipole moments within the molecule as shown in Fig. 3͒ . The Q band region clearly exhibits vibronic structure. Upon aggregation the monomeric absorption bands are split and shifted. 18 In particular, the B band is split into a very narrow redshifted peak at 2.53 eV ͑490 nm͒ and a wider peak at 2.93 eV ͑423 nm͒; the Q band is also redshifted by about 0.17 eV and the spacings between the peaks within this band are changed ͑Fig. 2͒.
The B band region of the absorption and linear dichorism ͑LD͒ spectra of TPPS 4 aggregates has been successfully modeled with an approach taking into account only the excitonic couplings within the B and Q bands and disregarding vibronic effects. 18 However, the shape of the Q band absorption could not be addressed within such a simple model. The apparent progressionlike shape of the monomer ͑and aggre-gate͒ spectrum ͑see Fig. 2͒ suggests that the coupling to high-frequency molecular vibrations may play an important role for this system. Modeling of the optical spectra of TPPS 4 nanotubes thus requires a theory that will account for both excitonic effects as well as the intermediate-strength coupling with molecular vibrations. In this paper we present a theoretical method that combines the description of excitons in cylindrical aggregates by Knoester and co-workers 18,23 with the two-particle approximation for the vibronic coupling introduced by Philpott 24 and used recently for molecular aggregates [25] [26] [27] and crystals. 28, 29 This method goes beyond the perturbative limits of strong and weak vibronic coupling, and applied to tubular aggregates of TPPS 4 allows us to interpret the Q band region in their optical spectra. Surprisingly, we find that the main structure in the Q band region does not originate from vibronic coupling, but rather from a splitting in electronic subbands and the tubular geometry of the aggregate. The coupling between the Q and B bands turns out to be essential to understand the energy splitting between the main peaks in the Q band region.
This paper is organized as follows. In Sec. II, the model of the aggregate geometry, the vibronic Hamiltonian, and the two-particle approximation used for modeling the optical spectra of TPPS 4 aggregates are introduced. Also, the parametrization of the model is discussed. In Sec. III the numerical results of our simulations are presented, including a study of the influence of the coupling between the Q and B bands, the choice of basis set, and the final comparison to experiment. Furthermore, the interpretation of our results is discussed. Finally, in Sec. IV we summarize our results. Technical details pertaining to selection rules for absorption and LD spectra are included in the Appendix.
II. MODEL

A. Aggregate geometry
The model for the aggregate geometry is essentially the same as in the recent paper by Vlaming et al. 18 and will be only briefly addressed here. The cylindrical arrangement of molecules is obtained by seamlessly rolling a planar aggregate onto the surface of a cylinder. The starting point for the construction of this arrangement is a square lattice with lattice vectors a 1 = ax Ј and a 2 = aẑЈ and one TPPS 4 molecule per unit cell ͑see Fig. 4͒ . The molecules are tilted out of plane in such a way, that the negatively charged sulphonate groups are placed above or below the positively charged centers of the neighboring molecules. This tilting is described by two subsequent rotations of the molecular ͑unprimed͒ coordinate system with respect to the lattice ͑primed͒ coordinate system. Before the rotations, the xy plane of the molecule coincides with the xЈzЈ lattice plane, the x and y molecular axes making the angles of Ϫ45°and +45°with a 1 subsequently rolled along the chiral vector C so that its origin and end coincide. The axis of the thus formed cylinder is perpendicular to C and the circumference is equal to the length of C.
As was shown in Ref. 23 , a cylindrical aggregate can be treated as a stack of N 1 rings, composed of N 2 molecules each ͑see Fig. 5͒ . The rings are stacked in the direction of the cylinder axis, the neighboring rings being separated by a distance h and rotated by a helical angle ␥ with respect to each other. Every molecule within the aggregate may be la-beled by a pair of indices n = ͑n 1 , n 2 ͒, with n 1 denoting the number of the ring and n 2 the number of the molecule within the ring. Two angles describe the orientation of the jth molecular transition dipole moment nj : ␣ j is the angle between the projection of nj onto the ring plane and the local tangent to the ring, ␤ j is the angle between nj and the cylinder axis. This "stack of rings" representation of the aggregate is particularly convenient for the determination of optical selection rules, since it allows one to make use of the cylindrical symmetry.
B. Hamiltonian and its eigenstates
We take into account four dipole-allowed electronic excited states ͑two pairs of degenerate states for the Q and the B band, respectively͒ and one totally symmetric harmonic internal vibration per porphyrin monomer. This effective vibrational mode mimics the influence of several highfrequency vibrations that couple to Q and B electronic transitions. We assume the vibrational potential to be harmonic and of the same curvature in the ground and electronic excited states; the positions of the minima of the potential curves for different states are displaced with respect to each other. In other words, we consider the case of linear vibronic coupling. Then, the aggregate Hamiltonian for one-exciton states reads
where ͉nj͘ corresponds to the state of the aggregate with the molecule n in the jth electronic excited state and all the other molecules in the ground state ͑j being equal to Q x , Q y , B x , or B y ͒ and E j is the corresponding vertical excitation energy; J jl ͑n − m͒ denotes the resonance interaction integral between the molecule n in the electronic excited state j and molecule m in the excited state l. The Bose operator b n † ͑b n ͒ creates ͑annihilates͒ a vibrational quantum of energy ប at molecule n in the potential of the electronic ground state. j 2 corresponds to the Huang-Rhys factor ͑S͒ for the jth electronic transition.
In order to find the eigenstates of Hamiltonian ͑1͒ we employ the so called two-particle approximation. 24 This approximation is based on the observation that the one-exciton multiphonon basis set can be partitioned into subsets of n-particle states. An n-particle state describes a state of the aggregate in which one molecule is excited vibronically ͑i.e., both vibrationally and electronically͒ and n − 1 molecules are excited vibrationally. Since only one-particle states are optically active and the Hamiltonian ͑1͒ couples different n-particle states only if n differs by not more than one, a natural hierarchy of coupling exists. Therefore one can construct an n-particle approximation by truncating the basis set to include only k-particle states for k Յ n. In particular, within the two-particle approximation, the basis set is restricted to one-and two-particle states. We use the symbol ͉njṽ j ͘ to represent a one-particle state of the aggregate with molecule n in its jth electronic excited state and having v vibrational quanta in the displaced potential of this excited state, while all the other molecules of the aggregate are in the electronic and vibrational ground state. The twoparticle state denoted by ͉njṽ j ; n + mw͘ corresponds to the situation when, apart from a vibronic excitation on molecule n, there are w vibrational quanta in the potential of the electronic ground state located at molecule n + m ͑m sites from the vibronically excited one͒. The tilde and the superscript j in ṽ j are used to indicate the fact that v vibrational quanta are created in the potential of the electronic excited state j in contrast with the w quanta at molecule n + m, which are created in the potential of the electronic ground state.
The one-particle approximation corresponds to the ͑modified͒ strong vibronic coupling approximation. 30 Then, by allowing phonons to be located on electronically unexcited molecules, the two-particle approximation enables one to go beyond the strong coupling regime, toward the intermediate coupling strengths. At the same time it considerably reduces the size of the basis set compared to the full n-particle basis. However, even a relatively small nanotube contains several thousands of molecules as there are approximately 65 molecules per 10 Å of the nanotube length. 18 Thus the sheer number of molecules in the problem results in enormous number of two-particle states and further reduction of the basis set is necessary to make the calculations feasible. Therefore we introduce cutoffs for the number of phonons and for the exciton-phonon distance: the basis set contains only one-and two-particle states with total number of phonons not greater than v max and only those two-particle states are included for which the distance between the vibronically and vibrationally excited molecules does not exceed r max . The values of v max and r max can be determined by subsequently increasing them, until convergence is reached. A similar approach was successfully used for sexithiophene crystals. 28, 29 In the absence of disorder, the aggregate's symmetry allows for further reduction of the numerical complexity and dictates optical selection rules. The cylindrical symmetry results in periodic boundary conditions for each ring. For long aggregates we may also impose periodic boundary conditions along the cylinder direction and use a Bloch-like form of the wave functions both in the ring ͑n 2 ͒ and cylinder ͑n 1 ͒ direction,
In this symmetry-adapted basis, the eigenvalue problem is split into N 1 N 2 independent problems, one for each allowed value of the wavevector k = ͑k 1 , k 2 ͒.
In the new basis the matrix elements of the Hamiltonian are given by
where J jl ͑k͒ = ͚ n 1 ,n 2 Ј J jl ͑n͒exp͓−i͑k 1 1 n 1 + k 2 2 n 2 ͔͒ and the summation is performed consistently with the periodic boundary conditions. E j − ប j 2 is the adiabatic excitation energy to state j and S w ṽ j is the overlap integral between the vibrational wave function for v phonons in the displaced potential of the jth electronic excited state and w phonons in the undisplaced potential of the electronic ground state. Matrix elements of the Hamiltonian between states of different wavevector vanish. Now, for every value of the wavevector k, the eigenstates of Hamiltonian ͑1͒ can be written as
where the coefficients c jṽ j ͑p͒ ͑k͒ and c jṽ j mw ͑p͒ ͑k͒ are components of the pth eigenvector of the Hamiltonian matrix Eq. ͑4͒ corresponding to one-particle and two-particle states, respectively. As the transitions from the vibrationless ground state to two-particle states carry no oscillator strength, the transition dipole moment from the overall ͑electronic and vibra-tional͒ ground state ͉0͘ to state ͉kp͘ is solely determined by the one-particle contributions, and using the Condon approximation can be expressed as
where is the dipole moment operator of the aggregate, and nj is the transition dipole moment to the jth electronic excited state on molecule n. For the high-frequency vibrations, the thermal occupation of the vibrational excited states is negligible even at room temperature, and the absorption originates ͑almost͒ exclusively from the vibrationless ground state. Thus the transition dipole moments in Eq. ͑6͒ are sufficient to determine the absorption and LD spectra.
C. Optical spectra and selection rules
We calculate the isotropic absorption spectra as
where ͗¯͘ denotes the average over the aggregate orientations with respect to the polarization ê of the incident light and f kp ͑E͒ is a line-shape function centered around the energy E kp of state ͉kp͘. A Gaussian function of width kp ,
͑8͒ is used throughout this paper, as for TPPS 4 nanotubes this choice turned out to give better reproduction of the experimental spectra than Lorentzian line-shape. The linear dichroism spectrum is calculated as the difference between the absorption for light polarized along the aggregate axis and perpendicular to it,
where ê ʈ and ê Ќ are the polarization vectors of light polarized parallel and perpendicular to the cylinder axis, respectively, and ͗¯͘ indicates the average over rotations of the aggregate around its axis. The orientational averages in Eqs. ͑7͒ and ͑9͒ can be calculated analytically. The obtained expressions ͑see Ap-pendix͒ are a straightforward generalization of earlier results for the purely excitonic model. 18, 23 There are only three values of the wavevector k for which states can occur that contribute to the isotropic absorption and linear dichroism spectra, namely, k = 0, k = ͑␥ / 1 ,1͒, and k = ͑−␥ / 1 ,−1͒. Optically active states in the k = 0 band have transition dipoles oriented along the cylinder axis, yielding positive contributions to the LD spectrum, while states in the k = Ϯ ͑␥ / 1 ,1͒ band are polarized perpendicular to the cylinder axis and contribute a negative signal to the LD spectrum.
D. Parametrization
Our model contains a number of parameters that characterize the geometry of the aggregate, the molecular excitations, and the intermolecular interactions. Values ͑or at least estimates͒ of most of them can be obtained from independent experimental data, the few unknown ones are treated as fit parameters.
The diameter of the aggregate is known from cryo-EM experiments 18 to be equal to 179Ϯ 5 Å; we thus take the radius to be equal R = 90 Å. The length of the chiral vector C is fixed by the cylinder radius via the relation ͉C͉ =2R. However, the rolling angle between C and lattice vector a 1 is unknown, thus we treat it as a free parameter. From smallangle x-ray scattering 31, 32 the lattice constant is found to be about 10 Å, while the previous theoretical modeling disregarding vibronic coupling yielded a value of a = 9.30 Å upon fitting experimental spectra. 18 We take the latter value as a starting point, but allow for small variations during the fit procedure; it turns out that a = 9.30 Å is optimal also for our model. The tilt angles + and − were estimated to be in the range of Ϯ15°-25°, 31 thus we treat them as almost free parameters. The positions and relative intensities of peaks in the calculated absorption and LD spectra turn out to be very sensitive to the values of the fit parameters ͑, + , and − ͒. The correct reproduction of the experimental peak polarizations demands that the tilt angles + and − have opposite signs. Their magnitude is fixed by the splitting between the two peaks in the absorption spectrum of the aggregate B band. The value of the rolling angle is set by the shape of the experimental LD spectrum, where no doublets ͑pairs of positive and negative peaks͒ are observed. 18 The best fit to the experimental spectra was obtained for tilt angles of + = − − = 24°and rolling angle = 45°. The agreement of these angles with the previous study using a purely excitonic model 18 is within the range of one degree.
The values of the parameters pertaining to TPPS 4 monomers can be obtained from the monomer spectra ͑Fig. 2͒. The energy of a quantum of the effective vibration as well as the Huang-Rhys factor for the Q band were fitted to the vibronic progression in the experimental absorption spectrum of the monomer Q band, 18 yielding values of ប = 0.158 eV and Q x 2 = Q y 2 = 0.21. For the B band, the resonance Raman data 33 yield the Huang-Rhys factor for the ប = 0.158 eV vibration of B x 2 = B y 2 = 0.01 ͑we will refer to this set of parameters for the B band as "parametrization 1"͒. However, the monomer absorption spectrum 18 exhibits a shoulder. If this shoulder is treated as a vibronic replica of the B band, the fit to the absorption spectrum yields the energy of a vibrational quantum of 0.130 eV and B x 2 = B y 2 = 0.26 ͑"parametrization 2"͒.
As discussed in the next section, in most of the calculations we disregard the vibronic coupling effects for the B band by setting B x 2 = B y 2 = 0.00.
The main peaks in the monomer absorption spectrum are found at 1.92 eV for the Q band and at 2.86 eV for the B band, respectively; 18 in our modeling we assumed the adiabatic excitation energies equal to E Q x = E Q y = 1.84 eV and E B x = E B y = 2.86 eV. The reduction of the Q band energy with respect to the experimental value for the monomers was needed for a proper reproduction of the aggregate Q band ͑this could not be obtained by varying the free parameters describing the aggregate geometry͒. This solution-toaggregate redshift is due to those interactions that are not included in our modeling, the main contribution being probably the influence of charge-transfer states which are located in the energetic proximity to the Q band as a result of the close packing of the molecules in the aggregate ͑the distance between the pyrrole rings of neighboring molecules is below 3 Å͒. The transition dipole moment for the degenerate B x and B y transitions was previously evaluated from spectroscopic data as 2.35 eÅ ͑11.3 D͒. 18, 34 Based on the ratio of the integrated absorbance of the Q band relative to the B band, we estimate the transition dipole moment for degenerate Q x and Q y transitions as 0.91 eÅ ͑4.4 D͒.
Due to the proximity of neighboring molecules within the aggregate, the point-dipole approximation for calculating the resonance integrals fails. 6, [35] [36] [37] We thus use the extended dipole representation: every transition dipole moment is represented by a pair of charges +q and −q separated by a dis-
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Q band of porphyrin nanotubes J. Chem. Phys. 133, 094701 ͑2010͒ tance L. Values and positions of those charges are chosen in such a way, that the dipole moment qL correctly reproduces the magnitude, orientation, and position of a molecular transition dipole moment. The resonance interaction J ij ͑n − m͒ is then calculated as Coulomb interaction between two pairs of charges representing the transition dipole moments to the ith electronic excited state of molecule n and the jth state of molecule m. We assume that the charge separation L is equal to 5 Å, a value roughly corresponding to the diameter of the porphyrin ring. To obtain the proper values of the transition dipole moments, the values of the charges q were taken as 0.470 e for the B x and B y transitions and 0.182 e for the Q x and Q y transitions, respectively. The remaining model parameters are the linewidths kp . Their values were fitted to reproduce the experimental spectra of the aggregate. We used four values of kp , depending on the energy of the state ͉kp͘: ͑i͒ 0.030 eV for states of energy smaller than 1.8 eV, ͑ii͒ 0.035 eV for states of energy from 1.8 to 2.25 eV, ͑iii͒ 0.014 eV for states of energy from 2.25 to 2.7 eV, ͑iv͒ and 0.090 eV for states of energy higher than 2.7 eV. The linewidths reflect the combined effect of variation in the lifetimes of the absorbing states and different values of the disorder for the Q and B band. They are introduced as phenomenological fit parameters. Modeling the lifetime-imposed part of these widths through scattering on low-frequency vibrations 38 is the topic of current research.
III. RESULTS
A. Coupling between Q and B bands
Due to the large separation of the Q and B bands in the monomer absorption spectrum ͑of almost 1 eV͒, one may be tempted to neglect the coupling between them. We performed test calculations neglecting the mixing of both bands and compared them with the results obtained when the mixing was fully taken into account ͑all the other parameters of the model were kept the same for both types of calculations͒. When the Q-B coupling is disregarded, no physically reasonable set of parameters allows for the correct reproduction of the experimental absorption spectrum of the Q band ͑see red and black curves in Fig. 6͒ . The splitting between the two lowest-energy peaks within the Q band ͑experimentally found at 1.76 and 1.85 eV͒ is significantly underestimated with respect to the experimental value, moreover, the intensity distribution between them is incorrect. On the other hand, when the mixing of the Q and B bands is taken into account ͑green and blue curves in Fig. 6͒ the lowest-energy peak of the Q band is redshifted and gains intensity, while the position and magnitude of the second peak remain almost unchanged. This yields correct splittings and intensity ratios in the Q band absorption, irrespective which parametrization ͑1 or 2͒ is used for the B-band vibronic coupling.
The apparent sensitivity of the lowest-energy peak to the Q-B coupling, accompanied by the insensitivity of the second-lowest peak, can be explained based on the geometry of the aggregate and the long-range character of dipoledipole interactions. For simplicity, we limit the discussion here to the sums of resonance integrals J ij ͑k͒; when multiplied by the vibrational overlap factors they give the cou-plings within the one-particle subspaces for every value of wavevector ͓see Eq. ͑4͔͒. As discussed later on ͑Sec. III C͒, the one-particle level of description works very well for the two lowest-energy peaks within the aggregate's Q band absorption.
For the geometric parameters that we found for the TPPS 4 aggregates, the Q x and B x monomer excited states are polarized mostly parallel to the cylinder axis. The angle that the transition dipole moment Q x ͑B x ͒ makes with the long axis of the aggregate is then equal to 175.0°, while the angle between the projection of Q x ͑B x ͒ onto the plane of the ring and the local tangent to the ring is 16.7°. On the other hand, the transition dipole moments for the Q y and B y states are almost perpendicular to the axis of the cylinder, the corresponding angles being equal to ␤ Q y ͑B y ͒ = 85.2°and ␣ Q y ͑B y ͒ = 33.5°. This leads to differences both in the magnitude and the sign of the sums of resonance integrals J ij ͑k͒ that couple molecular excitations of different polarizations; selected values for k = 0 are presented in Table I ; in case of k = Ϯ ͑␥ / 1 ,1͒ results are qualitatively the same. Clearly, the coupling between the Q x and B x transitions is an order of magnitude larger than between Q y and B y excitations and has The cutoffs were set to v max = 2 and r max = a ͑lattice constant͒. Purple line: the spectrum calculated with the simplified model for the B band; the Huang-Rhys parameter for the B band is set to zero, so that the purely excitonic basis set is used for this band, while the two-particle basis set is used for the Q band. Green, blue, and purple lines are superimposed in some regions. Narrow peak widths ͑ = 0.01 eV͒ are used so that the structure of the Q band is clearly visible. Experimental results from Ref. 18 are plotted in black. The lower plot shows a magnification of the Q band region.
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A. Stradomska and J. Knoester J. Chem. Phys. 133, 094701 ͑2010͒ an opposite sign. The coupling between x-and y-polarized states is even weaker than between y-polarized states. The differences in the coupling strengths for the states of different polarizations have a pronounced effect on the spectra. The lowest-energy peak in the absorption spectrum originates mostly from the Q x molecular transitions; the relatively strong coupling with B x excitations shifts its position toward the red and results in intensity borrowing from the intense B x states. This is in perfect agreement with the results obtained for porphyrin aggregates of simpler geometry, 39, 40 showing that the coupling between transitions of the same polarization plays an important role, in spite of the relatively large energy separation of the Q and B bands. The situation is different for the second-lowest peak in the Q band absorption, to which Q y states contribute most. As their coupling with B y ͑and B x ͒ excitations is weak, the shift in the position and change in the intensity due to the coupling with B states is negligible.
Because we are here concerned with the Q band absorption and LD spectra, and both parametrizations for the B band yield very similar results for the Q band, we tested the performance of a simplified model. This model fully takes into account the vibronic coupling for the Q band and the excitonic coupling between Q and B bands, but neglects the effects of vibronic coupling for the B band. This corresponds to setting the Huang-Rhys parameter for the B band to zero ͑ B x 2 = B y 2 =0͒. Then, the Hamiltonian ͑1͒ couples the Q band states only to the undressed B band excitons ͑B band zerophonon one-particle states͒; all the other B band states ͑oneand more-phonon, both one-and two-particle͒ carry no oscillator strength and are decoupled from all optically active states. The simplified model works extremely well ͑purple curve in Fig. 6͒ for the Q band region. Parametrizations 1 and 2 as well as the simplified model all yield very similar spectra for the Q band region, the difference being only a small blueshift ͑0.01 eV͒ of the third peak in the simplified model with respect to parametrizations 1 and 2. The situation is different in the B band region of the spectrum. The simplified model yields almost identical results as parametrization 1, as is expected from the fact that for this parametrization the Huang-Rhys factor is only 0.01, implying that setting it to zero ͑simplified model͒ should not give noticeable changes. Parametrization 2 ͑blue curve in Fig. 6͒ yields main peaks within the B band that are slightly blueshifted with respect to the results of the two other models; it also predicts additional peaks at 2.75, 2.89, and 3.04 eV ͑vibronic replicas͒. Due to the large linewidth of the second peak in the absorption spectrum of the B band, all three models yield sufficiently good reproduction of the experimental data. Thus, for further calculations we used the simplified model, as it is computationally less expensive than the other two.
B. Choice of basis set: convergence tests
In order to find the values of basis set cutoff parameters, we performed a series of calculations with increasing values of v max and r max . For a wide range of parameter sets tested, the convergence with respect to phonon number cutoff was reached already for v max = 2. This value was used for all subsequent calculations. The convergence with respect to the exciton-phonon distance cutoff is also good-spectra stop to change once r max reaches the value of three lattice constants ͑27.9 Å, see Fig. 7͒ . The increase of r max from one to three lattice constants leads to minute changes in the spectra, observed only in the region of the third peak in the Q band, where two separate peaks merge into one asymmetric band.
The comparison of the spectra from the two-particle approximation with the results obtained from the one-particle approximation ͑r max = 0 in Fig. 7͒ shows that this relatively TABLE I. Values of the sums of resonance integrals J ij ͑k = 0͒ between the Q and B states. Summation was performed consistent with periodic boundary conditions over 117 rings of 43 molecules each ͑5031 molecules͒. The coupling between states polarized along the molecular x axis is an order of magnitude stronger than between y-polarized states; the coupling between states of different polarizations is negligible. Similar results were obtained for J ij ͑k = Ϯ ͑␥ / 1 ,1͒͒.
Integral
Value ͑eV͒
Isotropic absorption spectra of the porphyrin nanotubes calculated using the simplified model for the B band. The phonon number cutoff was set to v max = 2. Purple line: one-particle approximation, red, green, and blue lines, two-particle approximation with exciton-phonon distance cutoff r max equal to one, three, and five lattice constants ͑a͒, respectively. Thanks to a good convergence with increasing r max the lines of different colors overlap to a large extent; especially the spectra for r max =3a and r max =5a ͑green and blue lines͒ are almost indistinguishable. The lower plot shows a magnification of the Q band region.
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Q band of porphyrin nanotubes J. Chem. Phys. 133, 094701 ͑2010͒ simple level of theory works extremely well. The deviations from two-particle approximation results can again be seen only within the third peak of the Q band absorption. This suggests that the convergence of the n-particle expansion is very good for the set of parameters corresponding to porphyrin nanotubes and that for most of the spectrum even the least computationally expensive one-particle approximation can be used.
C. Interpretation
Figures 8 and 9 present the isotropic absorption and linear dichroism spectra for porphyrin nanotubes obtained in the two-particle approximation, using the set of parameters described in the previous section and linewidths fitted to the experimental spectra. Inspection of the eigenstates contributing to the aggregate Q band absorption shows a surprising fact-the lowest-energy ͑1.76 eV͒ and the second-lowest ͑1.85 eV͒ peaks in the absorption spectrum of the aggregate Q band are not the 0 → 0 transition and its 0 → 1 vibronic replica.
The intermolecular interactions within the aggregate split the degenerate molecular excitations into pairs of states. The mechanism of this so-called Bethe splitting 41, 42 is similar to the one that gives rise to the Davydov splitting 43 of nondegenerate molecular terms due to the presence of several molecules in the unit cell. As a result of the aggregate's geometry discussed in Sec. III A, the x-polarized molecular states give rise to the redshifted lower Bethe components Over 99% of the intensity of the first absorption peak within the Q band is carried by one state, polarized along the aggregate axis. It is best described as the 0 → 0 transition associated with the lower Bethe component of the Q band for k = ͑0,0͒ ͑94% contribution to the state under consideration͒. The admixture of the B band is small ͑3.7%͒, but as discussed in Sec. III A, it considerably affects both the energy and the transition dipole moment of the state at hand. The lower components of the k = Ϯ ͑␥ / 1 ,1͒ transitions, polarized perpendicular to the aggregate axis, are also located in the energy region of the first peak. However, as the Q x molecular states are polarized almost parallel to the aggregate axis, these states carry almost no oscillator strength, and their contributions to absorption and LD spectra are negligible.
The second peak originates from the 0 → 0 vibronic transition of the upper Bethe component. Due to the geometry of the aggregate, the contribution from k = ͑0,0͒ is insignificant here, and the intensity is carried by the degenerate k = Ϯ ͑␥ / 1 ,1͒ transitions polarized perpendicular to the aggregate axis. Also the mixing with the B band is negligible ͑the contribution from the B band being smaller than 0.04%͒, which, as discussed earlier, is the reason why the intensity and location of the second peak do not change when the coupling to the B band is not included in the model.
The above observations explain the good convergence of the calculated spectra with respect to the cutoff parameter FIG. 8 . Isotropic absorption spectrum of the porphyrin nanotubes calculated using the two-particle approximation for the Q band states and the purely excitonic basis set for the B band. The cutoffs were set to v max = 2 and r max =3a ͑27.9 Å͒. The peak widths were fitted to the experimental spectrum. The lower plot shows a magnification of the Q band region.
FIG. 9. Linear dichroism spectra of the porphyrin nanotubes calculated using the two-particle approximation for the Q band states and the purely excitonic basis set for the B band. All parameters used were exactly the same as for the absorption spectra from Fig. 8 .
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A. Stradomska and J. Knoester J. Chem. Phys. 133, 094701 ͑2010͒ r max . The contributions from the 0 → 0 transitions to the two lowest-energy peaks in the Q band absorption and both peaks in the B band absorption are over 90%. Since the 0 → 0 excitations are correctly represented in the one-particle basis set, the number of two-particle states included in the basis ͑governed by the r max parameter͒ has only a small influence on those peaks. On the other hand, for the correct description of one-phonon excitations the two-particle states must be included in the basis set, to allow the phonon to be located on another molecule than the exciton. This can be observed for the third peak in the Q band absorption, which arises from the overlapping first vibronic replicas of the peaks at 1.76 and 1.85 eV. Many states of different polarizations and small oscillator strengths contribute to the absorption in the energy region of the third Q band peak. In the saturated basis set ͑r max =3a͒ those states have predominantly two-particle character, the contribution of two-particle states being at least 75%. This explains why the shape of the third peak is sensitive to the size of the basis set used in the calculationssmaller basis sets are not able to correctly reproduce the phonon cloud surrounding the exciton. We note that a discrepancy between the theoretical and experimental LD spectra still exists in the region corresponding to the second peak in the Q-band absorption ͑around 1.85 eV͒. Our calculations yield a small negative signal, while the experimentally observed LD is small but positive. This is probably due to the fact that our model disregards lowfrequency vibrational modes, such as the 242 and 317 cm −1 vibrations of the TPPS 4 monomer. 33 Incorporation of those modes into the model could lead to a situation similar to the one observed within our model for the third peak in the absorption spectrum of the Q band ͑around 1.95 eV͒, where many states of different polarizations contribute to the isotropic absorption spectrum, but do not lead to an observable LD signal.
IV. CONCLUSIONS
We modeled the optical spectra of self-assembled porphyrin nanotubes taking into account the electronic coupling within and between the Q and B bands as well as vibronic coupling to one ͑effective͒ high-frequency molecular vibration. We used the same model for the aggregate geometry as in the earlier work by Vlaming et al., 18 where a simple electronic model was assumed by disregarding coupling between the Q and B bands as well as the coupling to vibrations. From fitting experimental absorption and LD spectra, we obtained essentially the same values of the parameters defining the geometry of the aggregate as in Ref. 18 , which are the tilt and chiral angles and the lattice constant. This shows that the purely excitonic model used previously allowed to extract the structural information from spectral data, in spite of being unable to correctly reproduce and interpret the fine structure of the Q band absorption.
The step forward in our work is that by adding the vibronic coupling and the coupling between the Q and B bands, we were able to reproduce the spectral structure in the Q band. This allows for a solid interpretation of this structure. Specifically, from our calculations it turned out that the first two peaks in the Q band absorption spectrum are the 0 → 0 transitions, respectively, of the lower Bethe component for the subband with perpendicular wavenumber 0 and the upper Bethe component for the subband with perpendicular wavenumber Ϯ1. Moreover we showed that the electronic coupling between Q and B bands, often neglected in the modeling of porphyrin systems, although being weak, is crucial for a correct reproduction of optical spectra, in accordance with the earlier results of Gülen and co-workers. 39, 40 Finally, we showed that the vibronic coupling to the highfrequency vibrational mode is important for the reproduction of the detailed shape of the absorption spectrum, specifically in the region of the first vibronic replica, that is the third peak in the Q band absorption spectrum. Interestingly, the shape of the Q band turned out to be independent of the level of description of the vibronic coupling in the B band. The three different models that we introduced, namely, the simplified model with no vibronic coupling in the B band, the model with weak coupling to the same vibration as for the Q band, as well as the one with an intermediate coupling to another vibration, have all resulted in almost identical spectra of the Q band region.
Apart from the coupling of excitons to the highfrequency intramolecular vibrational modes that we considered here, it would be interesting to include the weak coupling to low frequency vibrational modes in the environment, which leads to relaxation within ͑and between͒ exciton bands. Combined with the treatment of the static disorder, this would allow to properly account for the homogenous and inhomogeneous line widths. 38 Such an investigation is currently under way in our group.
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APPENDIX: SELECTION RULES
The cylindrical symmetry of the aggregates considered in this paper allows for analytical calculation of the orientational averages in Eqs. ͑7͒ and ͑9͒. This is conveniently done using the representation of the aggregate as a stack of rings, with every molecule identified by a pair of indices n = ͑n 1 , n 2 ͒, denoting the number of the ring the molecule lies on and its location within the ring, respectively. The distance between the rings is denoted by h and neighboring rings are rotated with respect to each other over a helical angle ␥. The orientation of the molecular transition dipole moments nj is specified by two angles: the angle between the projection of nj onto the ring plane and the local tangent to the ring denoted by ␣ j and the angle between nj and the cylinder axis denoted by ␤ j ͑for details see Ref. 23͒: nj = ͑− j sin ␤ j sin͑n 2 2 + n 1 ␥ − ␣ j ͒, j sin ␤ j cos͑n 2 2 + n 1 ␥ − ␣ j ͒, j cos ␤ j ͒. ͑A1͒
Then the isotropic absorption intensity of state ͉kp͘ is given by 
